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Abstract 

Filaments made of residues 120-254 of transmembrane protein 106B (TMEM106B) form in an age-dependent man-
ner and can be extracted from the brains of neurologically normal individuals and those of subjects with a variety 
of neurodegenerative diseases. TMEM106B filament formation requires cleavage at residue 120 of the 274 amino 
acid protein; at present, it is not known if residues 255-274 form the fuzzy coat of TMEM106B filaments. Here we 
show that a second cleavage appears likely, based on staining with an antibody raised against residues 263-274 
of TMEM106B. We also show that besides the brain TMEM106B inclusions form in dorsal root ganglia and spinal cord, 
where they were mostly found in non-neuronal cells. We confirm that in the brain, inclusions were most abun-
dant in astrocytes. No inclusions were detected in heart, liver, spleen or hilar lymph nodes. Based on their staining 
with luminescent conjugated oligothiophenes, we confirm that TMEM106B inclusions are amyloids. By in situ immu-
noelectron microscopy, TMEM106B assemblies were often found in structures resembling endosomes and lysosomes.
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Introduction
Transmembrane protein 106B (TMEM106B) was first 
linked to neurodegenerative diseases, when sequence 
variations in its gene were identified as a risk factor for 
frontotemporal lobar degeneration with TDP-43 inclu-
sions (FTLD-TDP), especially in individuals with granu-
lin gene (GRN) mutations [42]. TMEM106B has also 
been implicated in neurodegenerative diseases other than 
ALS/FTLD-TDP [16, 31]. Moreover, genome-wide asso-
ciation studies have suggested a role for TMEM106B in 
age-associated phenotypes in the cerebral cortex, inde-
pendently of disease, with increased neuronal density 
in cases with the protective haplotype [27, 34]. Outside 
the nervous system, TMEM106B has been identified as 
a receptor for SARS-CoV-2 cell entry in an angiotensin-
converting enzyme 2 (ACE2)-independent manner [5, 
37].

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Acta Neuropathologica
Communications

*Correspondence:
Maria Grazia Spillantini
mgs11@cam.ac.uk
1 Department of Clinical Neurosciences, University of Cambridge, 
Cambridge, UK
2 Medical Research Council Laboratory of Molecular Biology, Cambridge, 
UK
3 IUSM Center for Electron Microscopy (ICEM), Indiana University School 
of Medicine, Indianapolis, IN, USA
4 Cambridge University Hospitals NHS Foundation Trust 
and the Cambridge Brain Bank, Cambridge, UK
5 Department of Neurology, Erasmus Medical Centre, Rotterdam, The 
Netherlands
6 Division of Neuropathology, National Hospital for Neurology 
and Neurosurgery, Queen Square, London, UK
7 Department of Clinical and Movement Neurosciences, UCL Queen 
Square Institute of Neurology, London, UK
8 Department of Cell and Developmental Biology, University College, 
London, UK
9 Department of Pathology and Laboratory Medicine, Indiana University 
School of Medicine, Indianapolis, IN, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-024-01813-z&domain=pdf


Page 2 of 14Bacioglu et al. Acta Neuropathologica Communications           (2024) 12:99 

Electron cryo-microscopy (cryo-EM) has shown that 
amyloid filaments of TMEM106B can be found in human 
brains in an age-dependent manner [8, 14, 21, 23, 39]. 
They can be extracted from the brains of neurologically 
normal subjects and of individuals with neurodegenera-
tive diseases, including those with filamentous inclusions 
made of amyloid-beta, tau, alpha-synuclein or TDP-43. 
TMEM106B inclusions do not co-localise with other pro-
tein aggregates [39, 49].

An increase in TMEM106B levels with age has been 
reported in carriers of the non-coding rs1990622 risk 
allele [19, 26]. The risk allele has also been associated 
with a higher number of TMEM106B aggregates [26, 28]. 
Conversely, the change from T185 to S185 (encoded by 
rs3173615) protects against FTLD-TDP [12, 30].

TMEM106B is a single-pass, type II transmembrane 
protein that is predominantly found in late endosomes 
and lysosomes; some protein may also localise to the 
plasma membrane [5, 16, 31]. TMEM106B is expressed 
ubiquitously, with highest levels in brain, heart, thyroid, 
testis and adrenal gland. In the brain, the expression of 
TMEM106B has been reported to be highest in neurons 
and oligodendrocytes and it has been implicated in mye-
lination [51]. TMEM106B comprises a cytoplasmic por-
tion (residues 1-96), followed by a transmembrane region 
(residues 97-117) and an intraluminal part (residues 
118-274); the latter adopts a compact fibronectin type III 
domain with a seven-blade beta-sandwich fold [5]. The 
intraluminal portion carries glycosylation motifs at N145, 
N151, N164, N183 and N256 [25, 28].

TMEM106B is cleaved physiologically by an unknown 
protease that releases its C-terminal domain into the lys-
osomal lumen [6]. This generates a residual N-terminal 
fragment that is anchored to the lysosomal membrane. 
It is further cleaved by signal peptide peptidase-like 2A 
(SPPL2A) through intramembrane proteolysis, releasing 
an intracellular N-terminal domain into the cytosol and a 
small C-terminal domain into the lumen [32].

Release of the C-terminal domain of TMEM106B fol-
lowing cleavage at S120 is probably necessary for the 
formation of filaments, which extend from residues 
120-254, suggesting that amino acids 255-274 are either 
unstructured or removed through a second cleavage. 
Here we show that such a cleavage appears likely, based 
on staining with an antibody specific for the C-terminus 
of TMEM106B (residues 263-274).

We also show that inclusions labelled by TMEM106B 
antibodies are fluorescent with amyloid dyes [4]; they 
were detected throughout central and peripheral nerv-
ous systems, where they were most abundant in glial 
cells. No inclusions were found in heart, liver, spleen or 
hilar lymph nodes of subjects with TMEM106B aggre-
gates in the brain. By immunogold electron microscopy 

of cortical tissue sections TMEM106B filaments were 
located in vacuole-like structures and in structures 
resembling late endosomes and lysosomes.

Materials and methods
Cases
Table  1 and Supplementary Table  1 summarise charac-
teristics of the cases investigated in this study. The cases 
used in the main figures are listed in Table  1. The 113 
cases studied included 41 neurologically normal controls, 
7 sporadic cases of   Alzheimer’s disease (AD), 2 familial 
AD cases (one with PSEN1 and one with APP mutation), 
15 cases of progressive supranuclear palsy (PSP), 6 cases 
of Pick’s disease (PiD), 2 cases of argyrophilic grain dis-
ease (AGD), 5  cases of frontotemporal dementia and par-
kinsonism linked to chromosome 17 caused by a MAPT 
mutation (FTDP-17T), 10 Parkinson’s disease (PD) cases 
(2 with GBA mutations, 8 sporadic), 2 cases of  Parkin-
son’s disease dementia (PDD) (with GBA mutations), 
2 cases of Lewy body dementia (LBD) (one with a GBA 
mutation), 2 cases of  frontotemporal lobar degeneration 
with TDP-43 pathology (FTLD-TDP), 3 cases of  multi-
ple sclerosis, 2 cases of Sanfilippo A syndrome, 3  cases 
of neuroserpin, and one case each of juvenile-onset synu-
cleinopathy (JOS), Alper’s disease, Down’s syndrome, 
Huntington’s disease, Friedreich’s ataxia, motor neuron 
disease (with C9orf72 repeat expansion), vascular demen-
tia, congophilic angiopathy, AD with atypical tauopathy, 
cerebellar degeneration, and dementia. In addition, we 
used brains from 7-month-old homozygous mice trans-
genic for human mutant P301S tau [1] and whole brains 
from 3- to 24-month-old control mice.

Antibodies
A rabbit polyclonal antibody (TMEM263) was raised to 
a synthetic peptide corresponding to residues 263-274 
of human TMEM106B. To characterise its epitope, the 
TMEM106B C-terminal fragment (120-274) incorpo-
rated into pET3A was purchased from Genscript. The 
constructs lacking residues 239-250 (Δ239-250) or 263–
274 (Δ263-274) were made using in  vivo assembly [20]. 
Forward and reverse primers were obtained from Inte-
grated DNA Technologies and designed to share 15-20 
nucleotides of homologous region and 15-30 nucleotides 
for annealing to the template, flanking the region of dele-
tion, with melting temperatures ranging from 58 to 65 °C. 
Before transformation, PCR products were treated with 
DpnI. Plasmids were transformed into E. coli BL21 cells, 
followed by expression of TMEM106B fragments and 
purification [39]. Antibody TMEM239 raised against res-
idues 239-250 of human TMEM106B has been described 
[39]. A rabbit polyclonal antibody (TMEM193) was also 
raised to a synthetic peptide corresponding to residues 
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193-204 of human TMEM106B (Fig.  S3). Antibody 
A303-439A, which was raised against amino acids 1-50 
of human TMEM106B, was purchased from Bethyl Labs; 
antibody NBP1-91311, which was raised against residues 
204-253 of murine TMEM106B, was purchased from 
Novus Biologicals; antibody AP22247b, which was raised 
against amino acids 218-252 of human TMEM106B, was 
purchased from Abcepta. Other antibodies were: NeuN 
antibody (Merck); GFAP antibody (Sigma Fine Chemi-
cals); anti-APC antibody (CC1) (Merck); anti-Iba1/AIF 
antibody (Merck), and Cathepsin D (Santa Cruz Biotech).

Immunohistochemistry
Single-labelling immunohistochemistry was carried out 
as described [39], with minor modifications. Specificity 
of the staining was established by antibody pre-adsorp-
tion (Supplementary Fig. 1). Following deparaffinization, 

formalin-fixed sections underwent heat-induced epitope 
retrieval (HIER) in Tris-EDTA buffer (10 mM Tris base, 
1 mM EDTA, 0.05% Tween 20, pH 9) at 90 °C for 20 min. 
Other epitope retrieval methods tested included HIER 
in 10  mM citrate buffer (1.8  mM citric acid, 8.2  mM 
trisodium citrate, pH 6) at 90 °C for 20 min, and formic 
acid (87%) pre-treatment at room temperature (RT) for 
10  min (Supplementary Fig.  1). This was followed by 
overnight incubation with primary antibody at 4  °C. 
Following washing in phosphate-buffered saline with 
0.3% Triton X-100 (PBST), the sections were incubated 
with ImmPRESS-HRP polymer anti-rabbit detection 
antibody (Vector Laboratories) for 2 h at room temper-
ature. Following washing with PBST, ImmPACT Vec-
tor SG substrate (peroxidase) was added to visualise 
the signal. Sections were counterstained with nuclear 
fast red (Vector Laboratories). For double-labelling 

Table 1  Overview of cases

AD Sporadic Alzheimer’s disease, Alper Alper’s disease, AGD Argryophilic grain disease, Control Neurologically normal individual, JOS Juvenile-onset synucleinopathy, 
FTDP-17T Familial frontotemporal dementia parkinsonism linked to chromosome 17 caused by MAPT mutations, PD Parkinson’s disease, PiD Pick’s disease, PSP 
Progressive supranuclear palsy. BG Basal ganglia, CBL Cerebellum, DRG Dorsal root ganglia, FL Frontal lobe, HPC Hippocampus, MB Midbrain, MD Medulla, OL Occipital 
lobe, SN Substantia nigra, Thal Thalamus, TL Temporal lobe. Semiquantitative TMEM239 IHC score: 0 (none), 1 (mild), 2 (moderate), 3 (abundant), 4 (severe)

Case Disease Age (Years) Gender Mutation Brain region; Peripheral organ Cortical 
TMEM239 IHC 
score 0-4

References

1 Control 75 M No FL; Heart, Liver, Lymph nodes, Spleen 4 [39]

2 Control 25 M No FL; Heart, Liver, Lymph nodes, Spleen 0 [39]

3 PSP 78 M No FL, TL, OL, HPC, MB, BG, Pons, MD, CBL 4

4 AD 90 M No FL, Spinal cord, DRG, Optic nerves 4

5 Control 71 F No FL; Heart, Liver, Lymph nodes, Spleen 4

6 Control 76 M No FL; Heart, Liver, Lymph nodes, Spleen 4 [39]

7 Sanfilippo A syndrome 11 M SGSH FL 0 [45]

8 JOS 15 F SNCA FL 0 [39]

9 Alper 25 M No FL, CBL 0

10 Multiple sclerosis 33 F No FL 0

11 Cerebellar degeneration 40 M No FL, BS, SC 0

12 HD 44 M HTT FL, Thal 0

13 Friedreich’s ataxia 49 M No FL, MD 0

14 Down’s syndrome 49 M Chromosome 21 FL, OL, MB 0

15 FTDP-17 T 55 M MAPT (P301L) TL 4 [39]

16 PDD 57 M GBA FL 2

17 AGD 74 M No HPC 4

18 PiD 75 F No FL 4

19 FTLD-TDP 75 M No FL 4

20 PSP 78 F No FL, OL 4

21 PD 82 F No FL, SN, HPC 4

22 Control 98 M No PL, HPC 4

23 Control 84 M No FL, BG 4

24 Control 76 F No FL, BG 4

25 Control 83 M No FL, BG 4

26 Control 84 M No FL 4 [39]
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immunohistochemistry, following completion of staining 
with a rabbit primary antibody, the sections were incu-
bated overnight at 4 °C with the mouse primary antibody 
against the second antigen. Following washing in PBST, 
the sections were incubated with ImmPress-AP polymer 
anti-mouse detection antibody (Vector Laboratories) for 
2 h at room temperature. Following washing, the second 
antigen was visualised with impact Vector Red substrate 
(alkaline phosphatase). Following dehydration, the sec-
tions were coverslipped with Entellan mounting medium 
(Merck). Images were acquired using a QImaging Retiga 
2000 CCD camera mounted on an Olympus BX50 
microscope.

The amount of TMEM106B aggregates was quantified 
by assessing TMEM239 IHC on cortical sections. A sem-
iquantitave severity score was used in a five-graded scale 
as previously described [33]: absent (0), mild (1) (1–10 
aggregates in a 10× field), moderate (2) (20–50 aggre-
gates in a 10× field), abundant (3) (60–90 aggregates in a 
10× field), and severe (4) (100 and more aggregates in a 
10× field) TMEM239 positive staining. The person who 
performed the analysis was blinded to the disease groups 
and ages.

Immunofluorescence and staining with amyloid dyes
Following incubation with primary antibodies overnight 
at 4 °C, the sections were washed in PBS and treated with 
TrueBlack lipofuscin autofluorescence quencher (Bio-
tum) for 2 min at room temperature. Following washing 
in PBS, they were incubated with Alexa Fluor 568 and/or 
647-conjugated secondary antibodies (Invitrogen, 1:250 
in PBS) for 2 h at room temperature. Some sections were 
then labelled with either pentamer-formyl thiophene ace-
tic acid (pFTAA, 3  µM), hepta-formyl thiophene acetic 
acid (hFTAA, 3  µM), HS-68 (3  µM) or Amytracker 540 
(Ebba Biotech, 1 µM) in PBS or Thioflavin S (1% in dis-
tilled water) for 2  h at room temperature. Nuclei were 
counterstained with Hoechst dye (2.5  µg/ml in PBS, 
Sigma Fine Chemicals) for 15 min at room temperature. 
The sections were coverslipped with Fluoromount-G 
mounting medium (Southern Biotech). Images were cap-
tured on a Leica Stellaris 8 confocal microscope and pro-
cessed using ImageJ.

Immunogold electron microscopy of tissue sections
We used cerebral cortex from a 90-year-old male with AD 
(Table  1) and abundant TMEM106B inclusions. Tissue 
had been stored in formalin and one mm3 blocks were 
resected and fixed further in 2.5% glutaraldehyde with 2% 
paraformaldehyde overnight at 4 °C. Fixative was washed 
from the tissues with cacodylate buffer. Tissues were then 
treated with 1% osmium tetroxide and 1.5% potassium 
ferrocyanide in cacodylate for 1 h at room temperature. 

Samples were dehydrated in a graded ethanol series, 
incubated in acetone for 30 min and embedded in EPON 
resin for 48 h at 60  °C. Ultrathin Sections (70 nm) were 
cut using a diamond knife and placed on 200 mesh nickel 
grids (EM Sciences FCF200-Ni). The grids were floated 
on blocking solution (0.1% BSA in PBS) for 1 h at room 
temperature, followed by incubation with the TMEM239 
primary antibody diluted 1:100 in blocking solution, 
overnight at 4  °C. Excess primary antibody was washed 
from the grids with wash buffer (0.01% BSA-C in PBS). 
The grids were floated on 10 nm immunogold goat-anti-
rabbit-secondary antibody (EM Sciences 25109) diluted 
1:40 in blocking solution for 2  h at room temperature. 
Excess secondary antibody was removed with wash 
buffer, followed by distilled water. The sections were 
contrasted for one min with UranyLess (EM Sciences), 
washed with water, blotted and dried in a vacuum dessi-
cator for 1 h before imaging. All images were captured on 
a Tecnai 12 transmission electron microscope operated 
at 80 kV with a Hamamatsu Orca HR CCD camera.

Tissue extraction and immunoblotting
Sarkosyl-insoluble material was extracted from brains 
and peripheral tissues, as described [39]. Briefly, tissues 
were homogenised in 20 volumes (v/w) extraction buffer 
consisting of 10 mM Tris–HCl, pH 7.5, 0.8 M NaCl, 10% 
sucrose and 1 mM EGTA. Homogenates were brought to 
2% sarkosyl and incubated for 30  min at 37  °C. Follow-
ing a 10 min centrifugation at 10,000 g, the supernatants 
were spun at 100,000 g for 20 min. The pellets were resus-
pended in 700  µl/g extraction buffer and centrifuged at 
5000  g for 5  min. The supernatants were diluted three-
fold in 50 mM Tris-HCl, pH 7.5, containing 0.15 M NaCl, 
10% sucrose and 0.2% sarkosyl, and spun at 166,000 g for 
30  min. Sarkosyl-insoluble pellets were resuspended in 
150 µl/g of 20 mM Tris–HCl, pH 7.4, containing 100 mM 
NaCl and sonicated twice for 10  min at 50% amplitude 
(QSonica). They were resolved on 12% Bis-Tris gels 
(Novex); TMEM239  antibody [39] was used at 1:2,000; 
A303-439A antibody at 1:500, and TMEM263 antibody 
at 1:1,000. To enhance the signal, the membranes were 
boiled in PBS for 10 min at 95 °C, as described [39].

Results
Cytoplasmic staining of TMEM106B by antibodies specific 
for its N‑ or C‑termini
In order to determine whether TMEM106B aggregates 
contained the full-length protein, we used antibody 
A303-439A [9, 22, 36, 49], which was raised against the 
N-terminal 50 amino acids of human TMEM106B, to 
stain tissue sections from the frontal cortex of a 25- and 
a 75-year-old neurologically normal individuals (Fig. 1, 
both cases were previously described [39]). Only diffuse 
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cytoplasmic staining was observed. Similar results were 
obtained when we used antibody TMEM263, which was 
raised against a peptide corresponding to residues 263–
274 of human TMEM106B which showed co-localiza-
tion with endo-lysosomes (Fig.  1a, b; S6). No staining 
was observed following pre-adsorption of the antibody 
with TMEM106B (263–274) peptide (Fig. S1c). As pre-
viously reported [39], inclusions were identified using 
antibody TMEM239 (Fig.  1a, b; S6); they were also 
labelled by antibodies TMEM193, AP22247b and, as 
previously reported, antibody NB1-91311 [49] (Fig. S3). 
Staining of the frontal cortex from a 25-year-old 

individual lacking TMEM106B inclusions, similarly 
to the staining of the frontal cortex from the 75-year-
old person with TMEM106B inclusions, showed 
diffuse cytoplasmic staining with A303-439A and 
TMEM263 (Fig.  1). A total of 28 brains from subjects 
aged 20–98 years old were stained with TMEM263, but 
no TMEM106B inclusions were detected  by this anti-
body, and two representative cases are shown in Fig. 1. 
Antibodies A303-439A and TMEM263 also failed to 
recognise the 29  kDa band that was detected by anti-
body TMEM239 and is associated with the presence of 
TMEM106B aggregates (Fig. S2b).

Fig. 1  Immunohistochemical staining with anti-TMEM106B antibodies A303-439A, TMEM239 and TMEM263. a, Schematic of human TMEM106B, 
with the epitopes of anti-TMEM106B antibodies indicated. b, Staining of frontal cortex sections from neurologically normal individuals aged 75 
(case 1) and 25 (case 2) years (yo = years-old). Nuclei are counterstained in red. Scale bars: 50 µm and 20 µm in the inset. Note similar cytoplasmic 
staining by A303-439A and TMEM263 in 25 yo and 75 yo individuals; TMEM239 stained inclusions in the 75 yo individual, with no staining in the 25 
yo individual
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TMEM106B inclusions are present in central and peripheral 
nervous systems, but not in peripheral organs
Using antibody TMEM239, we used tissues from a 
78-year-old individual with PSP and a 90-year-old 
individual with AD to investigate the presence of 
TMEM106B inclusions in central nervous system 
regions other than the frontal cortex (Fig. 2). As shown 
in Fig.  2, optic nerve, temporal cortex, occipital cor-
tex, hippocampus, midbrain, basal ganglia, pons/
medulla, cerebellum and spinal cord exhibited abun-
dant TMEM106B inclusions. The same was also true 
of satellite cells in dorsal root ganglia, establishing the 
presence of TMEM106B inclusions in the peripheral 
nervous system (Fig.  2b). No inclusions were detected 
in heart, liver, spleen or hilar lymph nodes of neurolog-
ically normal individuals aged 71, 75 and 76 years with 
abundant TMEM106B inclusions in the brain (Fig.  3) 
or of a 49 year-old familial AD patient whose lung, gut, 
thyroid, and adrenal gland were also analysed (case 46, 
Supplementary Table 1). Young individuals were devoid 
of TMEM106B aggregates in all central and peripheral 
tissues examined (Supplementary Table 1).

TMEM106B inclusions form in an age‑dependent manner
Previously, we [39] and others [8, 14, 22, 33, 34, 43, 49] 
have reported an association of TMEM106B aggregates 
with age. Here we extended this study by investigat-
ing the presence of TMEM106B inclusions in young 
individuals with a variety of diseases (Fig.  4; Table  1). 
No inclusions were found in the brains from individu-
als with Sanfilippo syndrome (aged 11y), juvenile-onset 
synucleinopathy (JOS) (aged 15y), Alper’s disease (aged 
25y), multiple sclerosis (aged 33y), cerebellar degenera-
tion (aged 40y), Huntington’s disease (aged 44y), Friedre-
ich’s ataxia (aged 49y), Down’s syndrome (aged 49y) and 
familial Alzheimer’s disease (49y). TMEM106B inclu-
sions were present in the brains from individuals with 
FTDP-17T (P301L mutation, aged 55y), PDD (aged 57y), 
AGD (aged 74y), PiD (aged 75y), FTLD-TDP (aged 75y), 
PSP (aged 78y), PD (aged 82y) and an aged control (98y). 
The cases shown in Fig. 4 are representative of all cases 
investigated, including those described in Supplementary 
Table  1. In Fig.  S4 we show grading of the TMEM106B 
inclusions in conditions in which 5 or more cases were 
investigated.

So far, TMEM106B inclusions have been described 
in humans, we questioned whether they could also  be 

Fig. 2  Presence of TMEM106B inclusions in central and peripheral nervous systems. a, Staining with antibody TMEM239 of different brain regions 
from an individual aged 78 years with progressive supranuclear palsy (case 3). Scale bar, 50 µm. b, Staining with antibody TMEM239 of brain, 
spinal cord and dorsal root ganglion sections from an individual aged 90 years with sporadic Alzheimer’s disease (case 4). Scale bar, 50 µm. Arrows 
in the dorsal root ganglion picture indicate TMEM106B aggregates
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present in aged mice. To this end we investigated their 
presence in the brains of 3- to 24-month-old wild-type 
and 7-month-old homozygous transgenic P301S tau mice 
with abundant tau pathology. No TMEM106B aggregates 
were detected (Fig. S5).

TMEM106B inclusions are most abundant in astrocytes
We described earlier the presence of TMEM106B aggre-
gates in glial cells [39].We now performed double-label-
ling immunohistochemistry of frontal cortex sections 
using antibody TMEM239 and antibodies against NeuN 
(neurons; Fig. 5a), GFAP (astrocytes; Fig. 5b), APC (oli-
godendrocytes; Fig.  5c) and Iba1 (microglia; Fig.  5d). 
As observed before [22, 28, 33, 49, 50] we found that 
TMEM106B inclusions were present predominantly in 
astrocytes (Fig. 5). Only some neurons, oligodendrocytes 
and microglia were double-labelled.

TMEM106B inclusions contain amyloid filaments in situ
Amyloid dyes (Amytracker, hFTAA, pFTAA, HS68) 
labelled TMEM106B inclusions in central (Fig. 6a–c) and 

peripheral nervous systems (Fig.  6d). Antibodies A303-
439A and TMEM263 did not colocalise with amyloid 
dyes (Fig.  6b,c).  There were many lipofuscin-positive, 
TMEM106B-negative, cells in the brains from aged indi-
viduals. However, even when present in the same cells, 
TMEM106B inclusions and lipofuscin did not com-
pletely co-localise. Pre-adsorption of the antibody with 
TMEM106B (239-250) peptide gave no positive staining 
(Fig. S1b), supporting the specificity of staining.

Immunogold electron microscopy of TMEM106B filaments 
in brain sections
Immunogold  electron microscopy revealed the pres-
ence of numerous bundles of filaments in the neuropil of 
the neocortex (Fig. 7). These filaments were seen in cell 
body (Fig. 7a,b) and processes (Fig. 7c) of cells that had 
the characteristics of astrocytes (nucleus without an evi-
dent nucleolus and sparse chromatin; little endoplasmic 
reticulum in the cytoplasm). Decorated filaments could 
be found within structures resembling secondary endo-
lysosomes and in vacuoles (Fig.  7a). The immunogold 

Fig. 3  Absence of TMEM106B inclusions in peripheral organs. a Staining with TMEM239 of heart, liver, hilar lymph node, spleen and brain sections 
from neurologically normal individuals aged 71 (case 4), 75 (case 1) or 76 (case 6) years (yo = years-old). Nuclei are counterstained in red. Note 
the presence of TMEM106B inclusions in brain, but not in peripheral organs. Lipofuscin was observed as brown-coloured grainy material in some 
peripheral organs. Immunostaining of brain for the 75 yo subject is shown in Fig. 1. b Immunoblot analysis with TMEM239 of sarkosyl-insoluble 
extracts from heart, liver, hilar lymph node, spleen and brain from the same neurologically normal individuals aged 71, 75 or 76 years (yo = years-old) 
as in a. Note the presence of a 29-kDa band only in brain (red arrow). No brain tissue from the 71 yo individual was available for immunoblotting, 
but the presence of TMEM106B inclusions in brain is shown by immunostaining in a 
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labelling was specific in that gold particles were not 
observed in association with other cellular structures. 
In agreement, double immunofluorescence showed that 
some TMEM106B inclusions localised to lysosomes 
(Fig.  S6a). No filament decoration was observed with 
antibody TMEM263.

Discussion
Abundant filaments made of residues 120-254 of 
TMEM106B form in an age-dependent manner in 
human brains [33, 39, 43, 49], including those from indi-
viduals with various neurodegenerative conditions, such 
as AD, PD, DLB, FTDP-17T, FTLD-TDP, limbic-pre-
dominant age-related TDP-43 encephalopathy (LATE), 

pathological ageing and age-related tau astrogliopathy [3, 
8, 14, 21, 23, 29, 39, 43, 49]. It remains to be seen if the 
formation of filaments of TMEM106B can influence the 
development and/or progression of disease. It remains to 
be determined if the formation of TMEM106B filaments 
can influence the risk of developing neurodegenerative 
diseases. Lysosomal dysfunction is commonly observed 
during ageing and in neurodegenerative diseases [10] and 
it has been suggested that this may be a consequence of 
TMEM106B aggregation [24], although it is also possible 
that lysosomal dysfunction leads to TMEM106B aggrega-
tion. Interestingly, loss of TMEM106B has been shown to 
exacerbate TDP-43 and tau pathologies, as well as neuro-
degeneration in transgenic mice [13, 15, 17, 44, 52].

Fig. 4  Age-dependent formation of TMEM106B inclusions, irrespective of the presence of disease. Staining with TMEM239 of frontal cortex sections 
from individuals with Sanfilippo syndrome (case 7), juvenile-onset synucleinopathy (JOS) (case 8), Alper’s disease (case 9), multiple sclerosis (case 
10), cerebellar degeneration (case 11), Huntington’s disease (case 12), Friedreich’s ataxia (case 13), Down’s syndrome (case 14), frontotemporal 
dementia and parkinsonism linked to chromosome 17 with P301L mutation in MAPT (FTDP-17T) (case 15), Parkinson’s disease dementia (PDD) 
with a mutation in the glucocerebrosidase (GBA) gene (case 16), argyrophilic grain disease (AGD) (case 17), Pick’s disease (case 18), frontotemporal 
lobar degeneration with TDP-43 inclusions (FTLD-TDP) (case 19), progressive supranuclear palsy (PSP) (case 20), and Parkinson’s disease (PD) (case 
21). Frontal cortex sections from a neurologically normal individual aged 98 years (case 22) were also used; yo = years-old. Scale bar, 50 µm and 20 
µm (inset). TMEM106B inclusions were only detected in individuals older than 50 years
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Many studies have focused on diseases with TDP-
43 aggregates, for which the genetic association with 
TMEM106B was first shown [42]. Cases with the 
TMEM106B risk allele develop more TMEM106B 
inclusions [23, 28, 29, 33], although the influence on 
disease development remains uncertain. Unfortunately, 
the TMEM106B haplotype was not known in the cases 
investigated here, because they were obtained from 
brain banks as paraffin-embedded tissue sections with 
no DNA or fresh tissues available. However, we report 
that young people with either a lysosomal storage dis-
order, mitochondrial dysfunction or abundant protein 
aggregates, as in JOS, familial AD and Down syndrome, 
did not show TMEM106B aggregates. We cannot 
exclude that this could be the case of young individuals 
with GRN mutations for whom the TMEM106B hap-
lotype is relevant for disease manifestation. This may 
become possible to investigate while the patient is still 
alive, given the recent finding that the PET ligand PBB3 
recognises TMEM106B aggregates [50].

By immunohistochemistry, TMEM106B inclusions 
were most abundant in astrocytes, as reported previously 
[22, 28, 33, 49, 50], but they were also present in other 
cells, including neurons. In dorsal root ganglia, inclu-
sions were most abundant in glial cells. This is interest-
ing considering that previous studies reported higher 
TMEM106B protein expression in neurons and oligoden-
drocytes than astrocytes [16]. The origin of TMEM106B 
aggregates in astrocytes remains to be determined.

On immunoblots, inclusions ran as a 29-kDa band, as 
detected by antibodies specific for residues 239-250 of 
TMEM106B [28, 33, 39]. These antibodies also labelled 
TMEM106B inclusions by immunohistochemistry, as 
did antibody TMEM193, shown here, and previously 
described  antibodies AP22247B and NBP1-91311 [49]. 
An antibody specific for residues 188-211 of TMEM106B 
has also been reported to label inclusions [22], as has an 
antibody against residues 191-206 [28].

TMEM106B is a transmembrane protein of 274 
amino acids that is found in late endosomes/lysosomes 

Fig. 5  TMEM106B inclusions in brain cells. a Double-immunostaining of TMEM239 (black) and neuronal marker NeuN (red) of cortical sections 
from a neurologically normal individual aged 84 years (case 23); a1, a2, a3, close-up images of insets in a. TMEM106B inclusions were sometimes 
present in NeuN-positive nerve cells. b Double-immunostaining of TMEM239 (black) and astrocytic marker glial fibrillary acidic protein (GFAP) (red) 
of cortical sections from a neurologically normal individual aged 76 years (case 24); b1, b2, b3, close-up images of insets in b. Many TMEM106B 
inclusions were present in GFAP-positive astrocytes. c Double-immunostaining of TMEM239 (black) and oligodendrocytic marker APC/CC1 (red) 
of cortical sections from a neurologically normal individual aged 76 years (case 24); c1, c2, c3, close-up images of insets in c. TMEM106B inclusions 
were occasionally present in APC/CC1-positive oligodendrocytes. d Double-immunostaining of TMEM239 (black) and microglial marker Iba-1 (red) 
of cortical sections from a neurologically normal individual aged 84 years (case 23); d1, d2, d3, close-up images of insets in d. TMEM106B inclusions 
were occasionally present in Iba-1-positive microglia
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[16]. Filament formation requires cleavage in the intra-
luminal domain between residues 119 and 120. Here 
we report that antibody TMEM263, which recognises 
the C-terminal part of recombinant TMEM106B on 
immunoblots (Fig. S2) and co-localises with lysosomes 
(Fig. S6), failed to recognise inclusions by immunohis-
tochemistry, immunoblotting and immuno-EM, sug-
gesting that residues 263-274 of TMEM106B are not 
part of the filaments.

TMEM263 gave diffuse cytoplasmic staining in brain 
cells, as did A303-439A, an antibody specific for the 
N-terminal region of TMEM106B. Similar diffuse stain-
ing for N-terminal and C-terminal antibodies has pre-
viously been reported [7, 9, 22, 36, 49]. Both antibodies 
gave similar staining, irrespective of age, as we showed 
in brain cells from 25- and 75-year-old individuals [39]. 
TMEM239 labelled inclusions in the brain from the 
75-year-old individual [39], as well as in the brains from 
other aged subjects. However, TMEM106B aggregates 
were not found in aged mice.

TMEM106B filaments may lack a fuzzy coat, unlike 
filaments made of tau [18, 40], α-synuclein [38, 47], 
TDP-43 [2, 3] and amyloid-beta [46, 48]. This is also 
supported by mass spectrometry results that failed to 
detect C-terminal peptides, including residues 255-
262, in brain extracts [3, 14]. Lack of a fuzzy coat could 
influence the spreading and toxicity of assembled 
TMEM106B [41]. Whether TMEM106B filaments can 
exhibit prion-like properties is not known. Not only 
may this require two cleavages, but the reported sta-
bility of TMEM106B filaments [23, 35] may limit their 
spreading since the prion-like properties are inversely 
related to the stability of assembled proteins [11].

The formation of TMEM106B inclusions in the brain 
is age-dependent and disease-independent [39, 43]. As 
shown here, sensory ganglia and spinal cord also con-
tained TMEM106B aggregates, while no inclusions 
were detected in heart, liver, spleen or hilar lymph 
nodes of subjects with brain aggregates. Moreover, 
TMEM106B inclusions were not present in the central 

Fig. 6  Double-labelling immunofluorescence of TMEM106B antibodies and luminescent conjugated oligothiophenes (LCOs), which are amyloid 
dyes. a Double-labelling immunofluorescence of sections from the frontal cortex of neurologically normal individuals aged 83 (case 25) and 84 
(case 23) years with antibody TMEM239 (red) and LCOs pFTAA, hFTAA, HS68 and Amytracker 540 (green). Inclusions were labelled by both TMEM239 
and LCOs (double labelling in yellow). b, c Double-labelling immunofluorescence of sections from the frontal cortex of a neurologically normal 
individual aged 84 years (case 26) using pFTAA and anti-TMEM106B antibodies TMEM263 (b) and A303-439A (c) (recognising TMEM106B C-terminus 
and N-terminus respectively). Inclusions were only labelled by pFTAA. d Double-labelling immunofluorescence of sections from the dorsal root 
ganglion of an individual aged 90 years with sporadic Alzheimer’s disease (case 4) with antibody TMEM239 (red) and pFTAA, (green). Inclusions were 
labelled by both TMEM239 and pFTAA (double labelling in yellow)
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nervous system of young individuals, even in the pres-
ence of disease.

By immunoelectron microscopy of cortical sections 
from a case of AD with abundant TMEM106B inclusions, 
we found filaments decorated by antibody TMEM239 
that were closely associated with secondary lysosomes 
and vacuoles. This suggests that TMEM106B may assem-
ble first in the organelles that normally express the native 
protein or that assembly can occur after escaping the 
damaged lysosomes.

In conclusion, we show that TMEM106B filaments are 
stained by amyloid dyes and confirm that they are pre-
dominantly present in non-neuronal cells. TMEM106B 
aggregates were not present in several peripheral human 
organs;  similarly, they were also absent from wild-type 
and transgenic mouse brains. By immunogold-EM aggre-
gates were found to be associated with lysosomes and 
vacuolar structures. By light microscopy, the inclusions 
were labelled by an antibody against the core region of 
TMEM106B filaments, but not by an antibody against the 

Fig. 7  Immunogold electron microscopy on brain tissue sections. Immunogold EM on frontal cortex of an individual aged 90 years 
with Alzheimer’s disease (case 4) revealed the presence of bundles of filaments within the cell body and processes of cells, most likely astrocytes. 
The bundles of filaments decorated by gold particles were seen in association with dense osmiophilic structures with the morphological 
characteristics of secondary lysosomes. Bundles of filaments decorated by the gold particles, as well as the dense osmiophilic structures, may 
be present in vacuoles and were surrounded by a membrane. a Low power transversal view of a cell process containing immunogold labelled 
filaments enlarged in Box (a1). Adjacent to the transversal view of the cell process, another bundle of filaments decorated by gold particles 
is indicated by two arrows; a1, higher magnification of the smaller osmiophilic structure associated with the bundle of gold-decorated filament. b 
Low power view of a portion of a cell body. Part of the nucleus is seen in the upper right. Box (b1) shows an electron-dense osmiophilic structure 
with vacuoles that is associated with a bundle of filaments decorated by gold particles. Another bundle of filaments is indicated by two arrows; b1 
higher magnification of the electron-dense osmiophilic structure associated with filaments decorated by gold particles. c Low power view of a cell 
process containing two bundles of filaments, one in box (c1) and the other indicated by two arrows; c1, higher magnification of filaments seen 
in box (c). Scale bar in c, 1 µm (also for a and b) and in c1, 200 nm (also for a1 and b1)
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C-terminus of TMEM106B. It remains to be determined 
what roles these inclusions may have in the brains of aged 
human individuals.
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Supplementary Figure 1. Immunohistochemical staining optimisation 
and specificity. (a), Several antigen retrieval methods were tested and 
provided different immunostaining results with TMEM239 antibody using 
medulla sections of a Parkinson’s disease case aged 73 years (case 39). No 
staining was observed after heat-induced epitope retrieval (HIER) with 
citrate buffer or without pretreatment, whereas formic acid treatment or 
HIER with Tris-EDTA buffer resulted in strong staining. Nuclei were counter-
stained in red. (b, c), Immunostaining with antibodies TMEM239 (b), and 
TMEM263 (c) of adjacent cortical sections from (b) a 78-year-old (case 3) 
and (c) a 73-year-old (case 70) individual with progressive supranuclear 
palsy. Following pre-adsorption of the antibodies with their respective 
immunogens, all the stainings were abolished.

Supplementary Figure 2. Characterisation of antibody TMEM263 by 
immunoblotting. (a), TMEM106B (120-274, WT) and TMEM106B (120-262, 
Δ263-274) were expressed in E. coli. The pellets from 1 ml bacterial 
cultures were used for immunoblotting with antibodies TMEM239 and 
TMEM263. Red arrows point to TMEM106B bands, whereas red aster-
isks indicate non-specific binding. Note that TMEM239 labelled both 
TMEM106B (120-274, WT) and TMEM106B (120-262, Δ263-274), whereas 
TMEM263 only labelled TMEM106B (120-274). (b), Immunoblots of sarkosyl 
soluble (Sark. sol) and sarkosyl-insoluble (Sark. insol) fractions from the 
frontal cortex of 58 yo neurologically normal individual (case 99) stained 
with  antibodies A303-439A, TMEM239, and TMEM263. A 29kDa band is 
observed with the TMEM239 antibody in the sarkosyl-insoluble fraction, 
this band was not recognised by TMEM263, and A303-439A antibodies 
supporting the absence of the N-terminus and C-terminus of TMEM106B 
in the aggregates. The antibodies recognised similar bands in the sarkosyl-
soluble fraction.

Supplementary Figure 3. Staining of TMEM106B inclusions with antibod-
ies TMEM193, AP22247b and NBP1-91311. (a), Schematic of human 
TMEM106B, with the epitopes of anti-TMEM106B antibodies indicated. (b), 
Staining of frontal cortex sections from neurologically normal controls, 
aged 25 (case 2), 75 (case 1) and 76 (case 6) (yo=years-old). Nuclei are 
counterstained in red. Scale bar, 50 µm and 20 µm (insets). Note the pres-
ence of TMEM106B inclusions in the brains of individuals aged 75 and 76 
and the absence of staining in the brain from the 25-year-old individual.

Supplementary Figure 4. Presence of TMEM106B inclusions in relation 
to age in brain of healthy and diseased subjects. TMEM106B inclusion 
burden determined by TMEM239 IHC, and scored semiquantitavely by 
a researcher blinded to disease status and age. (a), TMEM239 IHC scores 
versus age in neurologically normal individuals and (b), in diseased 
individuals. Only disease cohorts which had at least 5 individuals analysed 
are indicated (b). In neurologically normal individuals as well as subjects 
affected by disease the amount of TMEM106B inclusions correlated with 
age. Each circle represents an individual in the cohort, and colour of the 
circles represents the TMEM239 IHC score. Semi-quantitative IHC score: 0 
(white), 1 (green), 2 (blue), 3 (yellow), 4 (red).

Supplementary Figure 5. No TMEM106B inclusions were detected in the 
brains of young and aged mice. Staining with TMEM239 of representative 
cerebral cortex sections (treated with formic acid) from C57BL6/J mice 
aged 3 months and 18 months. Nuclei are counterstained in red. Scale bar, 
100 µm.

Supplementary Figure 6. Double-labelling immunofluorescence of 
TMEM106B antibodies and a lysosomal marker. (a), Double-labelling 
immunofluorescence of sections from the frontal cortex of neurologically 
normal individuals aged 72 (case 107) with antibody TMEM239 (green) 
and lysosomal marker cathepsin D (red). Inclusions were labelled by 
TMEM239. Some TMEM106B inclusions co-localised with cathepsin D 

staining (double labelling in yellow) indicating their lysosomal localization. 
(b), Double-labelling immunofluorescence of sections from the frontal 
cortex of a neurologically normal individual aged 76 (case 108) with anti-
body TMEM263 (green) and lysosomal marker cathepsin D (red). TMEM263 
staining co-localised with lysosomes (double labelling in yellow).

Supplementary Table 1.
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